Many vehicle components operate at temperatures above ambient conditions. At cold start, most of the pollutants are produced and lifespan is reduced. Thermochemical energy storage with high power density could prevent these disadvantages. In order to investigate achievable power densities of a thermochemical energy storage at technically relevant boundary conditions, a laboratory scale device using metal hydrides (LaNi 4.85 Al 0.15 and C5®) is designed and preheating operation modes (open and closed) are analyzed. The impact of the ambient temperature (from -20 to +20°C ), a s well as other influencing factors on the thermal power output such as heat transfer flow rate, regeneration temperature and pressure conditions are investigated. The experiments proved the suitability of the reactor design and material selection for the considered application boundary conditions. For the coupled reaction (closed system), the ambient temperature has the greatest influence on the thermal power with decreasing values for lower temperatures. Here, values between 0.6 kW/kg MH at ambient temperature of -20°C and 1.6 kW/kg MH at 20°C, at otherwise same conditions, were reached. If hydrogen can be supplied from a pressure tank (open system), the supply pressure in relation to equilibrium pressure at the considered ambient temperature has to be large enough for high thermal power. At -20°C, 1.4 kW/kg MH at a supply pressure of 1.5 bar and 5.4 kW/kg MH at a hydrogen pressure of 10 bar were reached.
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Introduction
Many vehicle components operate at temperatures above ambient conditions. At cold start, especially at winter temperatures of -20°C and below, most of the pollutants are produced and lifespan is reduced. This is described here in more detail for combustion drives and fuel cells.
Conventional engines are designed for temperatures around 100°C. Starting at ambient temperatures neither the combustion process nor the exhaust gas treatment work sufficiently until operation temperature is reached. In these first couple of minutes, 60-80% of all pollutants of the whole driving cycle are produced [1, 2] . As combustion engines become more and more efficient, waste heat is reduced and this leads to a prolonged cold start phase and more pollutants. If the components are preheated, a large amount of the pollutants can be prevented.
Even in fuel cell driven vehicles, water produced in fuel cells would freeze below zero degrees. The ice layer prevents gas flow and the expansion in volume can cause mechanical destruction of the fuel cell [3] [4] [5] [6] . Therefore, fuel cells are dried before shut down. When restarting, the membrane has to be wetted which requires temperatures above freezing point. So the fuel cell needs to be preheated to temperatures above 0°C in order to avoid degradation and prolonging life time significantly.
Therefore, both combustion engines as well as fuel cells require preheating for long service life and reduced exhaust emissions. Since in both cases thermal energy is available later during the driving cycle, thermal energy storages are a suitable option to overcome the described problem. A high energy density of the application, including both storage material and containment, is of importance, because the thermal storage adds weight to the vehicle. A promising option is a thermochemical energy storage system, due to the high energy density at limited temperature conditions and its long-term storage possibility. Here, a gas reacts with a solid and absorption heat is released. If heat is supplied to the storage material, the gas is released while heat is absorbed. This relation between solid temperature and gas pressure is described in the Van't Hoff equation [7] :
Where is the equilibrium pressure of the gas, is the reaction enthalpy, is the universal gas constant, is the absolute temperature of the solid and is the reaction entropy. By controlling the chemical reaction, generating heat on demand and controlling the temperature and power of the released thermal energy is possible.
This study focuses on the investigation of metal hydrides for high power thermal energy storage systems. In this case, a metal alloy forms a hydride phase by chemisorption of hydrogen. Originally metal hydrides were investigated as hydrogen storage materials [8] [9] [10] . But because they release and absorb heat during reaction, more and more investigations deal with thermal applications such as e.g. thermally driven heat pumps [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Consequently, the available data in literature deals mainly with temperatures above freezing point. However, the intended application in this paperthe pre-heating of components -addresses also automotive applications with respective temperature conditions for both metal hydrides down to -20 °C. Since according to Arrhenius the reaction rate decreases at lower temperatures, the most important but so far hardly investigated aspect is related to the technically achievable power densities of metal hydrides at these boundary conditions. The systems developed in this work are designed for the following two generic applications: a) Combustion engines -coupled reaction as a closed system. At nominal operation the combustion engine releases around 2/3 of the energy as heat [21] and consequently cooling is needed. This thermal energy can be stored in a thermochemical energy storage consisting of two reactors with different metal hydrides. The thermal energy leads to a desorption of hydrogen in one of the reactors. The released hydrogen is stored in the second reactor. This closed system doesn't require any exchange of hydrogen with the surrounding, but works only by absorbing and releasing heat. If the back reaction is prevented, e.g. by a separating valve, the chemically stored thermal energy can be released at the next cold start by opening the valve to preheat the respective component.
b) Fuel cells -hydrogen supply from tank as an open system. The potential energy stored in the hydrogen pressure tank, e.g. around 15% of the overall energy stored at 900 bar [22] , is currently throttled on board and therefore lost. By conducting hydrogen at higher pressure onto a metal hydride, heat can be produced, e.g. to preheat the fuel cell. For regeneration, the waste heat of the fuel cell can be used to regenerate the thermochemical storage. In this open system, a combination of thermal energy from the fuel cell and the potential energy of the hydrogen tank is used to run the system. The hydrogen itself is not consumed since it is desorbed during regeneration and can be converted to electricity in the fuel cell.
Both applications (open and closed system) have in common that the chemical potential of the thermochemical energy storage is used to generate thermal energy when it is needed. Depending on the type of propulsion, the regeneration of the storages differs. However, the underlying challenge can be summarized to the requirement of high thermal power densities at technically relevant boundary conditions. Even though it is generally assumed that the chemisorption of metal hydrides possess very fast reaction rates [23, 24] until now, little data exists of metal hydride characteristics at very low temperatures. Moreover, experimental data of coupled reactions at relevant scale and at temperatures below freezing point is not available in literature. Therefore, this aspect is explicitly addressed and investigated in this work. For this purpose, a test bench is designed to investigate the influencing factors on high thermal power at vehicle temperature boundary conditions down to -20°C for two different operation principles (combustion engines and fuel cells). Appropriate materials are selected and reactors are designed. In order to investigate the various influencing aspects, the mass flow of the heat transfer fluid (HTF), the ambient temperature, the regeneration conditions for the closed system as well as the supply pressure for the open system are varied. The experimental results are presented and discussed in the following.
Methodology and experimental details
The investigated systems are designed to produce heat at very low temperatures. Therefore, temperatures ranging from -20 °C to +20°C were set as ambient conditions. Both systems are able to operate even at lower ambient temperatures, although this might affect the achievable temperature level of preheating. In the following section the two operation designs of the closed and open system are described as well as their possible application in vehicles including temperature and pressure boundary conditions for the material selection. Then, the test bench, the reactor design and the measured and calculated values are described. At the end, the experimental design and varied parameters are discussed.
Operation design
In the closed system hydrogen has to be stored in a second reactor containing a metal hydride with different thermodynamics. At the same (ambient) temperature, different equilibrium pressures result in the reactors separated by a valve. When the valve is opened, hydrogen flows from the "storage reactor" to the "heat generating reactor". It is absorbed here, producing heat and maintaining the pressure difference between the reactors. Hence, the other metal hydride desorbs hydrogen. This process continues until the storing reactor cannot desorb or the heat reactor cannot absorb hydrogen anymore. To regenerate, waste heat is provided to the heat reactor causing the pressure to rise, while the storage reactor is maintained at ambient temperature. This causes a pressure difference in the other direction and hydrogen flows back into the storage reactor. Once all hydrogen is exchanged, the valve is closed and the heat reactor is allowed to cool to ambient temperature. No insulation is needed. When thermal energy is needed, the valve is opened and heat is produced from ambient temperature independent of the storage time without losses of the thermochemical energy.
The system design for this closed system is inspired by general vehicle applications to investigate the potential under relevant boundary conditions. However, it doesn't claim to be a mature component considering all aspects for vehicle integration. Waste heat in combustion engines occurs for example in the cooling circuit or the engine lubricant. At cold start, increasing the temperature of the cooling circuit increases the temperature of the engine, too. This leads to less wall quenching in the cylinder and higher combustion temperatures which decreases the amount of pollutants like unburned hydrocarbons and carbon oxide [25, 26] . This also leads to faster heating and functionality of the catalytic converter. Preheating of the engine lubricant has a similar effect. In addition, its viscosity decreases exponentially with temperature [27] . Every single Kelvin of increased temperature leads to less mechanical stress on the oil, leading to better lubrication properties and longer lifetime of the oil and the engine.
The assumed vehicle temperature boundary conditions for closed system in this work are as follows:
The equilibrium pressure boundary conditions for the reaction material are the following:
 p storage > p heat at the same temperature  p heat (T reg ) > p storage (T amb ) where p storage refers to the "storage reactor" and p heat to the "heat producing reactor".
In contrast to the closed system, the open system works with hydrogen from the infrastructure of the car. Heat is produced when hydrogen is conducted from the tank onto the metal hydride. To desorb the hydrogen and hence store thermal energy, the waste heat of the fuel cell is used. The released hydrogen is consumed by the fuel cell.
In order to be able to directly use the infrastructure of a fuel cell vehicle and to provide heat even at low tank level, the supply pressure was assumed to be at 10 bar and below. A polymer electrolyte fuel cell (PEFC, old: proton exchange membrane (PEM) fuel cell) works at hydrogen pressures of around 1-3 bar and temperatures between 60 and 80°C [28] which can be used as regeneration heat for the thermal energy storage. Experimental constrains limited the release of hydrogen at pressures above 1 bar. However, this does not affect the general investigation, but needs to be taken into account for a later integration.
Consequently, the vehicle boundary conditions for the open system in this work are the following:
The equilibrium pressure boundary conditions for the reaction material are: results in an absorption heat at 50°C in the "storage reactor" (C5®) which can be dissipated to ambient (upper dotted orange arrow). At temperatures of 90°C the absorption heat of C5 can only be dissipated at ambient temperatures below 10°C (lower dotted orange arrow). Complete regeneration might therefore not be possible in all cases for the closed system which is investigated in 3.2.
Material selection
The material in the open system (Error! Reference source not found., right) can produce heat at a temperature level between 40 and 90°C at the given supply pressure range. Since the hydrogen gas is taken from the hydrogen tank, this is independent of the ambient temperature. For desorbing hydrogen at pressures above 1 bar, regeneration temperatures of above 30°C are necessary. The selected materials have fast kinetics and in theory fit the boundary conditions quite well. The actual suitability is shown in the following results.
Test bench and experimental procedure
Micro tube bundle heat exchangers were chosen as reactors since they allow for high power applications due to the large surface area per volume. A drawing is given in Error! Reference source not found.. Metal hydride powder is located on the shell side, the heat transfer fluid (HTF) flows through the tubes. As the system works at pressures close to ambient or below, a gap at the top of the horizontal reactors is ensured to simplify the distribution of the hydrogen gas (clipped baffle plates). Commercially available heat exchangers by Exergy Heat Transfer Solutions (Model # 00256-06 with clipped baffles) are used to realize high thermal power. They consist of 91 tubes with an outer diameter of 2.4 mm and 508 mm of length, a total diameter of 41 mm and a maximal distance to the tubes of 1.15 mm. The reactors were filled with the corresponding amount of material so both can store about the same amount of hydrogen. The "heat generating reactor" (reactor 1) contains 960 g of LaNi 4 .85 Al 0.15 (x ≈ 1.0 wt.-%) and the "storage reactor" (reactor 2) contains 615 g Hydralloy C5® (x ≈ 1.5 wt.
-%).
A test bench is designed to investigate the system. It is able to mimic the required temperatures with the help of a heat transfer fluid, supply hydrogen and measure and log the required data. Error! Reference source not found. shows a picture of the two reactors integrated into the test bench (left) and a schematic drawing including thermostatic baths, measurement positions of the acquired data and valves (right). Both reactors are shown as in the closed system. For the open system, only reactor 1 was operated.
The temperatures of the HTF are measured by resistance thermometer (Pt100 according to DIN EN 60751), the mass flows are measured by Coriolis mass flow meters (measurement range set to 0…1000 kg/h, measurement uncertainty of ± 0.10/0.15 % RD for reactor 1/2, respectively) and the pressure is measured by a piezoresistive pressure sensor (measurement range of 0…40 bar abs , measurement uncertainty of ± 0.4 bar). The hydrogen volume flow is measured by a gas flow meter (measurement range of 0-100 l N /min extendable to 130 l N /min, measurement uncertainty of ± (0.5 % Rd + 0.1 % FS)). The used heat transfer fluid is SilOil M40.165/220.10 by Huber Kältemaschienenbau AG (Germany). Its thermal capacity was measured at our institute with the differential scanning calorimetry method and is given as . The accuracy of the measurement is ± 10 %. The most important value is the thermal power actually transferred to the heat transfer fluid. This is calculated by the temperature difference of the HTF before ( ) and after ( ) flowing through the reactor, the mass flow ( ) and the thermal capacity of the HTF ( ). The thermal power in W is calculated according to the following equation:
The overall heat in J released by the system is calculated by integrating the thermal power over time as given in equation (3).
By knowing the mass of metal hydride and the reaction enthalpy the hydrogen conversion can be calculated in wt.-% by equation (4):
The absorption enthalpy of LaNi 4.85 Al 0.15 is 31.6 kJ/mol H2 [29] .
An experiment consists of two half-cycles: regeneration and heat production. For regeneration, the thermostat tempering reactor 1 is set to the given regeneration temperature. The regeneration temperature of the open system was set to 130°C in analogy to the reference experiment of the closed system for better comparison. While the regeneration pressure of the the closed system is set by keeping reactor 2 to ambient temperature, reactor 1 in the open system desorbs against ambient pressure. As soon as all temperatures are at steady-state, the valve either to reactor 2 (closed system) or to the ambient at ambient pressure (open system) is opened. The regeneration is over as soon as the pressure value is at steady-state. Then the valve is closed and reactor 1 is also tempered to ambient temperature. The heat production experiment can start when all temperatures are at the simulated ambient temperature (e.g. -20°C) in steady-state. The valve is opened to either reactor 2 (closed system) or the hydrogen gas cylinder via a mechanical pressure regulator (open system).
For the initial filling of the closed system with hydrogen, reactor 2 was tempered to 10°C and provided with hydrogen at pressure of 20.8 bar until equilibrium was reached. Reactor 1 was evacuated at 50°C for 0.5 hours.
Different parameters were varied in order to investigate their influence on the thermal power output. The experiments were conducted in a mixed order and some were repeated to minimize systematic errors. The ambient temperature, the mass flow of the HTF and the supply pressure for the open system or regeneration temperature for the closed system, respectively, were varied. The variation ranges are given in Error! Reference source not found. in section 3.5.
Results and Discussion

Repeatability
One reference experiment for both systems was repeated several times throughout the experimental period in order to check whether there are errors in the measurement itself or changes inside the material over time. The results in terms of pressure course, thermal power and hydrogen conversion are shown in Error! Reference source not found..
For the closed system (Error! Reference source not found., left) the reference experiment is performed at ambient temperature of -20°C, regenerated with at waste heat temperature of 130°C and a HTF mass flow of 250 kg/h. The course of the pressure and the thermal power are very similar. In experiment 2 (green solid line) a little higher peak value of 0.62 kW is reached compared to 0.58 and 0.56 kW of the other two experiments (10 and 16), but it is still within the same range. The integration of the reached power level over the measurement duration leads to similar courses and end values for the hydrogen conversion. Therefore, it can be stated that no changes occurred in the material and inside the reactor and thus the experiments are repeatable.
The reference experiment for the open system (Error! Reference source not found., right) is conducted at -20°C, a HTF mass flow of 250 kg/h and supply pressure of 1.6 bar. Again, the pressure course is very similar for each experiment. The measured peak thermal power values are between 1.34 and 1.43 kW. This variance is small and the curves still lie close together. Nevertheless, it causes a difference in the hydrogen conversion, which is obtained by integrating the thermal power over time. Since no general trend can be observed, it shows rather the sensitivity of the system to operation conditions. Still, since no significant changes in the material and the reactor are observed, the experiments with the open system are repeatable.
Closed system
For the closed system, the regeneration temperature, mass flow of the HTF and ambient temperature were varied in order to investigate their influence on the thermal peak and average power. The endothermal desorption in reactor 2 (storage reactor) causes a temperature decrease which leads to an additional cooling power. Its value is a little smaller than the one of the heating power due to the smaller desorption enthalpy of C5® (ΔH = 28.4 kJ/mol H2 [30] ). Nonetheless, this cooling power could probably be utilized for cooling purposes (e.g. air-conditioning) -in any case it needs to be taken into account for system integration. The experimental results show the following. At -20°C, a regeneration temperature of 90°C or a temperature difference of 110 K is sufficient since increasing the regeneration temperature doesn't have an impact on the thermal power. At 0°C a regeneration temperature of 110°C is necessary to reach the highest thermal power values. Further increase doesn't improve thermal power. Therefore a certain temperature difference independent of ambient temperature has to be exceeded for complete regeneration, in the present case this value is around 110 K. A further increase doesn't have any positive impact on the performance of the storage. The required difference is actually determined by the chosen metal hydride pair. Their distance in the Van't Hoff-plot (see Error! Reference source not found.) defines the required temperature difference to reach a higher pressure in reactor 1 than in reactor 2 for regeneration. For the application in vehicles, this means that in winter, a lower waste heat temperature from the engine for regeneration is sufficient for a complete regeneration as compared to summer conditions. The following conclusions can be drawn from these experimental findings. The overall hydrogen conversion is independent of the HTF mass flow in the investigated ranges. Only the development over time at low mass flow rates and high ambient temperatures show small sensitivity. In general the mass flow seems to have an influence on the thermal power at higher ambient temperatures where thermal power values are comparably high (indicating a limitation due to the test facility). At -20°C the peak thermal power of 0.6 kW can be conducted sufficiently by HTF mass flow of 150 kg/h. At 20°C the power increases significantly with the mass flow, indicating an influence of the HTF mass flow on the overall heat transfer in the reactor at high thermal power values. Because the high thermal power is obviously ensured by the other influence factors (especially reaction rate), its value reached by the metal hydride couple operated at moderate temperatures might still be increased. However, for low temperature, the power density of the closed system seems to be intrinsically limited. This is discussed further in section 3.4.
In Figure 7 , the pressure gradient, the thermal power of reactor 1 and the hydrogen conversion is given for experiments with varying ambient temperature (T reg = 130°C, 250 kg/h mass flow of HTF) . The pressure drops considerably with decreasing ambient temperature. At 20°C the peak pressure value is 2.5 bar, at 0°C it is around 1 bar and at -20°C it is around 400 mbar with a peak value of 614 mbar after 321 s. A strong dependency on the ambient temperature is evident both in the thermal power and in the course of hydrogen conversion. Correspondingly, the peak values of thermal power increase from 0.58 kW for -20°C ambient temperature to 1.1 kW at 0°C to 1.55 kW for 20°C. The end value of hydrogen conversion at 600 s is comparable for all experiments (1.10, 1.10 and 1.03 wt.-% for -20, 0 and 20°C, respectively). The maximal temperature rise of the HTF was 5K at -20°C and 12K at 20°C. These experiments were additionally conducted for different values for regeneration temperature and HTF mass flow (see Error! Reference source not found.). In all cases the results follow the trend described here.
As in the closed system the same ambient temperature applies to reactor 1 and to reactor 2, the pressure of the provided hydrogen changes as well. Therefore, both equilibrium pressures in the reactors decrease with ambient temperature. Even though, the pressure difference between the reactors doesn't change much for the different ambient temperatures, the operation pressure of the system drops below 1 bar at -20°C. This might limit the mass transfer in the system and therefore the reaction. Another possibility might be reduced reaction kinetics of either one of the materials at lower temperatures. This point is discussed further in section 3.4 at the comparison of the open and the closed system.
In the following, the open system is investigated where -in contrary to the experiments with the closed system -the supply pressure is independent from the ambient temperature since it can be taken at a constant pressure from the hydrogen tank.
Open system
For the open system the influence of the supply pressure, the HTF mass flow and the ambient temperature on the thermal power were investigated by systematic variation of the experimental conditions.
The supply pressure was varied between 1.5 and 10.0 bar for an ambient temperature of -20°C and between 1.5 and 2.9 bar for an ambient temperature of 0°C. The resulting thermal power and hydrogen conversion are shown in Error! Reference source not found.. For both simulated ambient temperatures the thermal power increases significantly with supply pressure both in slope and peak value. The reached peak values for -20°C are 1.39 kW at 1.5 bar, 2.56 kW at 3 bar and 5.14 kW at 10 bar, respectively. For 0°C they are 1.02 kW at 1.5 bar and 2.11 kW at 2.9 bar, respectively. The hydrogen conversion increases faster, reaches higher values and the heat production stops consequently earlier with increasing supply pressure. The maximal temperature increase of the HTF at -20°C was 12K at 1.5 bar and 43K at 10 bar.
Since in the open system the supply pressure can be adjusted independently from the ambient temperature, an increasing supply pressure increases intrinsically the distance to the equilibrium pressure of the material in reactor 1. This explains the increase in thermal power. Another effect could be that the mass transfer limitation through the bed (as mentioned in 2.3) decreases with increasing pressure.
The mass flow of HTF was varied, too. Here, no significant trend was obvious. For peak values it is referred to Error! Reference source not found. in section 3.5.
The ambient temperature was varied between -20 and 20°C for a supply pressure of 3 bar and between -20 and 0°C for a supply pressure of 1.5 bar. For all experiments the HTF mass flow was 250 kg/h. The results of thermal power and hydrogen conversion are given in Error! Reference source not found.. The trends are the same for both supply pressures. The thermal power decreases with higher ambient temperature and the time of heat supply increases. The peak values for 3 bar are 2.56, 2.11 and 1.51 kW for -20, 0 and 20°C, respectively, and 1.39 and 1.02 kW for -20 and 0°C, respectively, for 1.5 bar. A similar trend is evident in the hydrogen conversion. For higher ambient temperatures the slope decreases and it takes more time to reach the final value. Once the reaction is over, the final values of the hydrogen conversion are very similar for each supply pressure value.
At a first glance, these findings of decreasing thermal power at increasing temperature seem to be in contradiction to Arrhenius's law. However, since the supply pressure is fixed a decrease of the reaction temperature leads to a higher distance to the equilibrium pressure. Therefore, it can be stated for this set-up that the distance to the equilibrium has a stronger impact on thermal power than the ambient temperature itself.
Comparison of open and closed system
The comparison of open and closed system under same conditions is challenging due to the different courses of the system pressure. However, in order to be able to investigate the influence of reactor 2, a comparison of pressure, hydrogen flow into reactor 1 and thermal power are given in Error! Reference source not found. as a function of the ambient temperature.
At an ambient temperature of 20°C (Error! Reference source not found., left) the supply pressure for the open system was set to 3 bar which causes a similar pressure at 30 s as in the closed system (Even though the initial pressure in the closed system is 14 bar). The course of the pressure after 30 s is very different. However, the resulting thermal power is similar, at least at the beginning and reaches similar peak values with slightly higher value for the closed system (1.54 kW) than for the open system (1.51 kW). The thermal power of the closed system decreases slightly faster.
At ambient temperature of 0°C (Error! Reference source not found., middle) the supply pressure for the open system was set to 1.5 bar (the initial pressure in the closed system was 7.9 bar). Even though the thermal power of the closed system increases faster the general trend is comparable between the open and closed system. The hydrogen volume flow is similar but decreases again slightly faster for the closed system.
At ambient temperature of -20°C (Error! Reference source not found., right) the supply pressure for the open system was set to 1.5 bar (the initial pressure in the closed system was 4.3 bar). The pressure increases faster for the open system and reaches its maximal value of 1.4 bar after 600 s not changing significantly after 300 s. In the closed system the pressure is rather constant with a slow increase to a maximal value of 0.6 bar after around 340 s before it drops again. The hydrogen flow increases steeply for both systems and reaches a peak value of 77 l N /min for the closed and 65 l N /min for the open system. The very sharp peak at the beginning of the experiment with the closed system is due to the equalization of the gas pressure inside the void fraction. The most interesting point of the comparison can be observed after this equalization when it decreases quickly to a value of only around 20 l N /min and continues to decrease parallel to the thermal power until the end of the experiment.
From these comparisons it can be concluded that for temperatures of 20°C and 0°C similar hydrogen flow and pressure courses lead to similar thermal power generation. Obviously, the open system could be adjusted to even higher power levels -due to the additional degree of freedom that comes with the independency of the supply pressure from the ambient temperature. However, the results for -20°C show totally different curves of hydrogen flow and thermal power. In the closed system after the first seconds the hydrogen flow is much lower, leading to smaller pressure and thermal power values. Therefore, the limited thermal power in the closed system seems to be caused by the limited reaction rate of the metal hydride in reactor 2 at -20°C and low pressure. Since these types of metal hydrides are in general supposed to possess very fast reaction kinetics [24] this finding has to be confirmed in future work on reaction rate measurements at these temperature and pressure conditions. It is obvious that the investigations were performed with comparably heavy reactors of 2.09 kg. The ratio of mass of metal hydride to mass of reactor are 1 : 2.2 for reactor 1 and 1 : 3.4 for reactor 2. However, the given experimental values include the thermal mass and temperature change of the materials, containing reactors and HTF. Still high values are achieved, because of the high thermal energy density of the material, therefore showing high potential especially for mobile applications. In general, due to the "switchable" operation principle, it can be suggested to integrate the reacting material directly into the respective component. In this case, the additional heat transfer with a HTF can be avoided and the full thermal power is available at the point of demand.
General discussion
In order to compare the results with the state of the art, the best comparable work in literature to the best of our knowledge, is discussed in the following.
Little work is found in literature for preheating fuel cells with the help of metal hydrides. Docter et al. [31] published a patent considering metal hydrides to shorten cold-start phase. TiFe is proposed for the application at temperatures between -30°C and 50°C. Unfortunately no experimental data is provided. Brack [32] investigated LaNi 4.1 Al 0.52 Mn 0.38 designed for direct integration into a high temperature PEM fuel cell operating at clearly higher temperatures (100-170°C). The maximal thermal power output reached 5.7 kW/kg MH which is comparable to the power density reached in this work.
Some work was presented in literature concerning coupled metal hydride reactions. Fang et al. [33] investigated coupled catalyzed MgH 2 -TiV 0.62 Mn 1.5 for heating and cooling of cabins in electric vehicles. Some boundary conditions differ to the presented study (regeneration temperature level of 270°C, material partly combined with expanded natural graphite, ambient temperature of 20°C) which limits comparability. The resulting thermal peak power of 320 W occurs only after about 2 min which limits the applicability for quick ramp-up or start-up applications. Aswin et al. [16] considered coupled metal hydrides in the temperature range of 30-80°C. The work focuses on the simulation of coupled reactions and shows the possible fast reaction rates but no experiments were conducted.
The present work could experimentally show high thermal power densities of metal hydrides under automotive boundary conditions both for the open and coupled reactions. Therefore, the presented principle can meet the requirements for the considered applications in vehicles. In order to understand the observed limitations in more detail, in particular for coupled chemical reaction at low temperatures and pressures, further research is necessary. Detailed material characterizations at these conditions are therefore planned as subsequent work.
Conclusions
In this paper metal hydrides as candidates for thermochemical energy storage were investigated with regard to providing their high thermal power for preheating e.g. vehicle components applications. To shorten the cold start phase considerably, high thermal power is needed. Operation designs for open and closed systems were developed, materials selected and reactors and a test bench built to investigate influence factors on the thermal power. LaNi 4.85 Al 0.15 was used for the heat producing side and Hydralloy C5® was used for the hydrogen storage side in the closed system. Main unique features are investigations of the closed system with coupled chemical reactions, temperatures down to -20°C and relevant scale for vehicle applications. The mass flow of the heat transfer fluid (varied range 150…425 kg/h), the regeneration conditions for the closed system (90…130°C) and the supply pressure for the open system (1.5…10 bar) as well as the ambient temperature (-20…20°C) were varied.
 It was found that for the closed system, a certain temperature difference has to be reached for complete regeneration. Since this might already limit the integration possibilities, further increase of the distance of the thermodynamic values of the metal hydrides (distance in Van't Hoff plot, see Error! Reference source not found.) is not advantageous. The closed system reached values between 0.6 kW/kgMH at ambient temperature of -20°C and 1.6 kW/kgMH at 20°C, at otherwise same conditions.
 In the open system, the ambient temperature is of importance only in relation to the available supply pressure. The distance of the supply pressure to the pressure equilibrium of the chosen material at the highest considered ambient temperature has to be large enough. The open system reached 1.4 kW/kgMH at -20°C and supply pressure of 1.5 bar and 5.4 kW/kgMH at -20°C and 10 bar. Therefore, for the open system, the material selection for the given boundary conditions is most important.
 For the heat production with thermochemical systems the ambient temperature has the biggest influence. For the closed system the thermal power directly correlates with the ambient temperature. This might be attributed to limitations of desorption kinetics at low temperatures, but need to be confirmed in subsequent analysis. The open system can bypass this restriction, because it has an additional degree of freedom in the hydrogen pressure. Hence, depending on the chosen material and supply pressure, higher thermal power can be reached. 
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